Abstract-Trace metal bioavailability is often evaluated on the basis of steady-state models such as the free ion activity model (FIAM) and the biotic ligand model (BLM). Some of the assumptions underlying these models were verified by examining Pb and Zn uptake by the green microalga Chlorella kesslerii. Transporter bound metal ({M-R cell }) and free ion concentrations ([M Zϩ ]) were related to experimentally determined uptake fluxes (J int ). Although the BLM and FIAM correctly predicted Pb uptake in the absence of competing ions, they failed to predict competitive interactions with Ca 2ϩ , likely because of modifications of the algal surface charge and the active nature of Ca 2ϩ transport. Zinc transport is also active; in this case, both the internalization rate constant (k int ) and the equilibrium constant for the binding of Zn to the transport sites ( ) varied as a function of [Zn 2ϩ ] in the bulk solution. K Zn-Rcell For this reason, Zn uptake could not be modeled by the steady-state models either in the presence or absence of competitors (Cd and Ca). Furthermore, the role of Cu on Pb and Zn adsorption and uptake could not be predicted by either model because of secondary effects on the algal physiology and membrane permeability. Finally, a 17ЊC reduction in temperature resulted in a twoto fivefold decrease in membrane permeability of the metals, an observation that also is unaccounted for by either the FIAM or BLM. This paper emphasizes the limitations of the models in well-controlled laboratory systems with the goal of extrapolating the results to complex environmental systems.
INTRODUCTION
It is currently well accepted that in order to predict trace metal effects on aquatic organisms, it is necessary to take chemical speciation into account rather than to simply measure total metal concentrations. Nonetheless, a fundamental understanding of the relationship between trace metal speciation and bioavailability is complex [1, 2] and still lacking under most conditions. For this reason, the majority of studies examining trace metal bioavailability have employed simplified models such as the free ion activity model (FIAM) or, more recently, the biotic ligand model (BLM) in an attempt to quantitatively relate chemical speciation to biological effects. Although the FIAM [3] and BLM [4] are based on the measurement of different fundamental parameters, that is, activity of the freeion in solution (FIAM) or the metal adsorbed to sensitive sites at the biological surface (BLM), they both are steady-state models with similar assumptions and a similar conceptual framework (Fig. 1) . Indeed, in any attempt to relate bulk solution measurements to bioavailability, it is necessary to take into account mass transport of the metal and metal complexes in the bulk solution; complexation and dissociation reactions in the immediate vicinity of the organism; and surface complexation to a cellular ligand (R cell ), which can either lead to the internalization of the metal or trigger a biological response.
In the FIAM and BLM, the entire steady-state process is simplified by coupling a rapid and reversible adsorption to membrane binding sites with an irreversible and rate-limiting internalization of the metal bound to the carrier (Eqn. 1) [3] [4] [5] * To whom correspondence may be addressed (kevin.wilkinson@cabe.unige.ch).
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int int M-R cell cell where is the conditional stability constant for the bind-K M-Rcell ing of the metal to sensitive sites at the cell surface (e.g., channels and carriers), k int is the internalization rate constant, J int is the metal internalization flux, [M Zϩ ] is the free metal ion concentration in solution, and {M-R cell } is the metal bound to the sensitive sites. Equilibrium among the metal species in solution and those bound to the surface will be attained if transport across the biological membrane is rate-limiting [6, 7] . In that case, for metal concentrations below saturation of the uptake sites, biological uptake fluxes will be directly proportional to any of the metal species in equilibrium (e.g., {M-R cell } in Eqn. 2 or [M Zϩ ] in Eqn. 3). In the opposite case, for which biological internalization is rapid compared to either the physical transport or chemical reactivity of the metal [8, 9] , biological uptake fluxes will be better related to some other fraction of the metal species in solution (i.e., mobile or labile species) [1, 8] . Although a biological transport limitation (assumption 1) is an extremely important requirement of the steady-state models [5, 10] , several other assumptions are required when using either the FIAM or the BLM: (2) the plasma membrane of the organism is the primary site of action of the trace metal; (3) no significant modification of the plasma membrane is assumed to occur (e.g., no degradation or synthesis of carriers); (4) no significant biological regulation is induced by binding to sensitive sites; (5) carrier ligands remain undersaturated; (6) internalization, if it occurs, is first order or pseudo first order; (7) the membrane surface is chemically Fig. 1 . Conceptual framework of the free ion activity model (FIAM) and biotic ligand model (BLM), including (1) mass transport of the free metal (M Zϩ ) and a hydrophilic complex (ML) in solution; (2) dissociation/complexation with a ligand in solution; (3) specific (M-R cell ) or nonspecific (M-A cell ) adsorption of the metal to the surface of the organism; (4) metal transport into the organism characterized by an internalization rate constant (k int ) and a subsequent reaction with an intracellular ligand (ML bio ); and (5) expression of the biological effect. The box identifies the reactions that are taken into account in the FIAM and BLM.
homogeneous (i.e., binding sites are independent of one another); and (8) the induced (acute) biological response is directly proportional to metal internalization fluxes (J int ) or to concentrations of the surface complex ({M-R cell }).
The implications of these assumptions can be significant. Although carrier ligands are assumed to be involved in the internalization of many trace metals, they are not required; surface or channel mediated processes are generally sufficient for the models to hold (assumption 2). Researchers have tended to use short-term exposure experiments to increase the likelihood of assumptions 3 and 4 being applicable. Although firstorder uptake kinetics (assumption 6) are predicted for undersaturated concentrations of the metal-carrier complex (assumption 5), especially in the case where conformational changes of the carrier are rate-limiting, they are not always observed, especially for essential metals such as Zn [9, 11] . Assumption 7 is clearly an oversimplification because many different kinds of adsorptive sites have been identified on biological surfaces even for simple microorganisms [12, 13] . In addition, several (not necessarily independent) transport routes have been found for metals such as Zn [9, 14, 15] , Fe [16] , and Ni [17] . Assumption 7 also implies that equilibrium constants will be valid (and constant) at variable metal:carrier ratios. Although assumption 8 is reasonable, very little research has been performed in that direction. Indeed, most current research on the biotic ligand model uses toxicity measurements to derive constants that are related, but not necessarily identical to the surface complexation constants [18] [19] [20] .
Metal-metal interactions can be considered as antagonistic, with a potential reduction of bioavailability when both metals are present; synergistic, resulting in enhanced bioavailability of one metal due to the presence of another; or additive, where the observed effect is equivalent to the sum of the individual effects of the two metals [21] . When considering bioaccumulation (as opposed to toxicity) data, the steady-state models can only take into account antagonistic effects (i.e., reduction in biouptake or no effect [assumption 9]). In this case, competitor effects can be described in a similar manner for both internalization fluxes and the metal adsorbed to sensitive sites at the cell surface ({M-R cell }) [22, 23] Zϩ
where is the stability constant for the adsorption of a K C-Rcell competitor, C, to the same sensitive site as the metal; J max is the maximum value of the metal internalization flux; and {R cell,tot } is the total concentration of sites. Equations 4 and 5 allow for a general prediction of the conditions in which the competitor will measurably decrease metal uptake. For low concentrations of trace metals, that is, [M Zϩ ] Ͻ 1/ , which K M-Rcell is generally the case in natural waters, J int should be reduced by a factor 1/(1 ϩ
[C]) in the presence of competitors.
The goal of this work is to examine the applicability of some of the key assumptions of the FIAM and the BLM on Pb and Zn bioaccumulation by the green alga Chlorella kesslerii. Lead and Zn were selected because of their variable toxicity and essentiality and because they are contrasting examples for which the steady-state models have been shown to succeed (Pb [24] ) or fail (Zn [9] ). In this study, metal uptake fluxes were related either to free-ion concentrations in solution ([M Zϩ ], that is, basis of the FIAM, Eqn. 3) or to concentrations of the metal-transporter complex ({M-R cell }, i.e., basis of the BLM, Eqn. 2). The roles of the competing ions (Ca, Cu, and Cd) and temperature were examined specifically in this respect. Results are discussed with respect to the potential applications of the models or their derivatives in complex environmental systems.
MATERIALS AND METHODS

Algal cultures
Chlorella kesslerii (University of Toronto Culture Collection, Toronto, ON, Canada, UTCC 266) was cultured in the Organization for Economic Cooperation and Development medium [25] in an incubation chamber at a constant temperature of 20ЊC, under a 12:12 h, light (50 mol photon/m 2 /s):dark regime and rotary shaking (100 rpm). Cells in their mid-exponential growth phase were harvested by gentle filtration (nitrocellulose, 3 m), then washed and resuspended in an experimental medium containing 10 Metal adsorbed to sites leading directly to uptake [6, 26] . This metal-bound transporter may be considered as the biotic ligand. In reality, the biotic ligands also may include other intra-or extracellular sites [18, 34] y-intercept of the regression of non-EDTA-extractible metal content as a function of time (see Fig. 2 ) [9, 24] {M-A cell } Metal bound to adsorption sites on the cell wall and the membrane that do not lead to internalization [6] . Although often measured, these sites are not considered in the mathematical formulations of the FIAM and BLM (see Fig. 1 Internalization rate constant relating J int and {M-R cell } [5, 7, 8] . The k int is assumed by the FIAM and BLM to be sufficiently small so as to limit uptake. The value of the constant depends on the type of transport pathway(s) involved (passive, active, and so on [6] )
Ratio of J int to {M-R cell } (see Eqn. 2); k int should be constant for the BLM and FIAM to apply Total adsorption Total specific and nonspecific adsorption to the surface of an organ or organism [6, 19] {M-R cell } ϩ {M-A cell } Total body burden Total metal concentration associated with an organism or an organ [19] {M-R cell } ϩ {M-A cell } ϩ {M cell } these conditions (pH ϭ 6.0 and ionic strength ϭ 5 mM), 97% of the total Pb is present in the solution as the free lead ion, Pb 2ϩ . In a second set of experiments, [Zn] and [Pb] were held constant at 10 Ϫ6 M and competing ions (Ca, Cd, and Cu) were varied from 5 ϫ 10 Ϫ5 M to 10 Ϫ3 M for Ca, from 5 ϫ 10 Ϫ6 M to 2 ϫ 10 Ϫ4 M for Cd, and from 10 Ϫ8 M to 10 Ϫ6 M for Cu. In a final set of experiments, the influence of temperature was examined by comparing bioaccumulation at 3 and 20ЊC.
In all cases, bioaccumulation was followed over short time periods (60 min for Pb and 25 min for Zn) to reduce variability due to biological regulation. Surface-bound (adsorbed) metal was distinguished from cellular metal by using a 1-min extraction with ethylenediaminetetraacetic acid (EDTA) [9, 24, 26] . The washing procedure was previously optimized for the nature of complexing ligands (nitrilotriacetic acid, trans-1,2-diaminocyclohexane-N,N,NЈ,NЈ-tetracetic acid, and EDTA) and the contact time of the ligand for Pb uptake by C. kesslerii [24] . The procedure was also verified for Zn. A 1-min wash was considered as optimal to minimize the significance of the Zn efflux [9] while maximizing Zn desorption. Cellular metal was determined after digestion of the filtered, EDTA-washed algae with concentrated ultrapure HNO 3 . Adsorbed metal was quantified from the EDTA containing filtrate. Slopes from experimentally obtained temporal plots of the cellular metal concentrations (mol/cm 2 ) were employed to obtain metal uptake fluxes (mol/cm 2 /s). The concentration of occupied metal transport sites was obtained from the y-intercepts of internalization curves after the EDTA extraction [24] . This relatively new technique has been shown to provide stability constants for the adsorption of metal to sensitive sites that are equivalent to those obtained from a Michaelis-Menten treatment of the uptake fluxes [24] . Furthermore, for identical conditions in the bulk medium but different concentrations of carrier ligands at the algal surface, this protocol has been shown to distinguish metal bound to transport sites from those involved in adsorption to sites that are not metabolically active [9] . Definitions of the important terms that are employed, including the methods used for their experimental determinations, are given in Table 1 .
Cell densities, sizes, and surface areas were determined with a Coulter Multisizer II particle counter (Beckman Coulter, Nyon, Switzerland; 50 m orifice). Experiments with Zn were performed with radiolabeled 65 Zn (Perkin-Elmer Life Science, Wellesley, MA, USA; specific activity of 185 GBq/g) representing Ͻ2% of the total Zn in the experimental media. The [
65 Zn] was determined with a ␥ counter (Perkin-Elmer, Ueberlingen, Germany). The ratio of nonradiolabeled Zn: radiolabeled Zn was determined at the beginning of each experiment and used to transform the [ 65 Zn] into total dissolved [Zn] . Lead, Zn, and competing metals were quantified by using flame (Pye Unicam SP 9, Cambridge, UK) or electrothermal (Perkin-Elmer 4100) atomic absorption spectrometry or by inductively coupled plasma-mass spectrometry (Hewlett-Packard 4500, Palo Alto, CA, USA), depending on the concentration range.
Electrophoretic mobility determinations
To estimate modifications of the surface charge of C. kesslerii in the presence of Ca, electrophoretic mobilities (EPMs) were measured by laser Doppler velocimetry (Zetasizer 2000, Malvern Instruments, Worcertershire, UK). Electrophoretic mobilities were determined after a 35-min exposure of the algae to different concentrations of Ca. In these experiments, ionic strengths were kept constant (8 ϫ 10 Ϫ3 M) by addition of NaNO 3 to compensate for increasing [Ca 2ϩ ] in solution. Zeta potential latex particle standards (Malvern) were used for calibration. The EPM data were treated by assuming that the algae behaved as rigid spheres with homogeneously distributed charges on the cell wall and a cellular diameter much larger The slope is used to calculate the internalization uptake flux (J int ), whereas the intercept is employed to determine the concentration of transporterbound metal ({M-R cell }). In this case, J int ϭ 1.8 ϫ 10
Ϫ12 and 3.6 ϫ 10 Ϫ13 mol/cm 2 /min and {M-R cell } ϭ 1.6 ϫ 10 Ϫ12 and 1.8 ϫ 10 Ϫ11 mol/ cm 2 for Zn and Pb, respectively.
than the Debye length [27] . In this manner, it was possible to estimate the cell zeta potential by using Smoluchowski's equation [28] . Furthermore, by estimating that the shear plane was a few water layers from the cell surface, a first approximation of the algal surface potential ( 0 ) could be obtained as a function of [Ca 2ϩ ]. The ratio between the metal immediately adjacent to the charged algal surface and that in the bulk solution was then estimated by using Boltzmann's law [27] {M-R } zF
where z is the algebraic charge number of M, T is the absolute temperature, F is the Faraday constant, and R is the gas constant.
General data treatment
At each time point, a mass balance was performed by taking into account dissolved, adsorbed, and cellular concentrations of the metal. Data were rejected if the mass balance exceeded a 10% variation from the initial dissolved concentration. Each experiment was repeated a minimum of two times. For bioaccumulation experiments performed in the presence of competitors, control experiments with Zn or Pb in the absence of competing ions were performed in parallel. Data were normalized with respect to the measured dissolved bulk metal concentrations rather than nominal metal concentrations. Figure 2 gives a typical example of the bioaccumulation results for 10
RESULTS AND DISCUSSION
Verification of the steady-state assumption for Pb and Zn uptake
Ϫ6 M metal at a relatively high cellular density of 1.5 ϫ 10 6 cells/ml. For both metals, the surface normalized concentration inside the cell increased linearly with time, implying that internalization fluxes and the concentration of metal bound to the transport sites were constant (see Eqn. 2). For 10 Ϫ6 M free metal in the bulk solution, adsorbed Pb (1.2 ϫ 10 Ϫ10 mol/cm 2 ) was twice that of adsorbed Zn (6.0 ϫ 10 Ϫ11 mol/cm 2 ), whereas internalization fluxes (i.e., slopes in Fig. 2 [10] . For both metals, when algae were added to the experimental solutions, a rapid initial decrease in the metal concentration in the bulk medium was observed, followed by a stable dissolved concentration. Mass balance calculations revealed that the decrease was due to the initial nonspecific adsorption of metal to the biological surface, whereas the plateau value was due to a pseudoequilibrium between the bulk solution and the algal surface [6, 7, 9, 24] . After the initial decrease of metal, biouptake observations are therefore in qualitative agreement with either of the steadystate models (FIAM or BLM).
Nonetheless, the steady-state models are only applicable if biological transport limits the cellular metal uptake flux. In the case where mass transport of the metal in solution is limiting, the maximum diffusive flux due to radial diffusion ( ) can also give a similar dependence on the free ion
diff R where is the weighted mean diffusion coefficient for the D metal [29] , C bulk is the concentration of metal in the bulk solution, and R corresponds to the radius of the organism (ϳ 2.0 m for C. kesslerii). Under the conditions examined here, the maximal diffusive supply of free ions to algal surface (5.3 ϫ 10 Ϫ11 and 4.0 ϫ 10 Ϫ11 mol/cm 2 /s for Pb and Zn, respectively) was higher by several orders of magnitude than the observed uptake fluxes at 10 Ϫ6 M [M zϩ ] (5.9 ϫ 10 Ϫ15 and 3.0 ϫ 10 Ϫ14 mol/cm 2 /s for Pb and Zn, respectively). Although no precise data are available for the rates of Zn and Pb adsorption by the specific sites of the membrane surface, calculations based on the Eigen mechanism [30] (rate-limiting loss of water from the hydration sphere of the cation) suggest that reaction kinetics at the membrane surface are also many orders of magnitude faster that the observed internalization fluxes. Each of the previous considerations supports the use of the steady-state models to predict Zn or Pb uptake.
Applicability of the BLM and FIAM in absence of competitors
As mentioned above, an underlying assumption of both the FIAM and BLM is that internalization fluxes (Eqns. 2 and 3) should be directly proportional to either [M zϩ ] or {M-R cell }. In other words, membrane permeability ( ] increased from 5 ϫ 10 Ϫ9 to 5 ϫ 10 Ϫ6 M, uptake fluxes also increased by three orders of magnitude, confirming the firstorder relationship between the free ion concentration and the internalization flux J int , as predicted by the FIAM (slope of 1 in Fig. 3a ; see Eqn. 3). In other words, for Pb, membrane permeability (J int /[Pb 2ϩ ]) was constant and equal to (3.3 Ϯ 0.5) ϫ 10 Ϫ6 cm/s. The BLM was verified by determining whether k int was constant as a function of the free ion concentration (Fig.  3b) . For Pb, k int (J int /{Pb-R cell }) was indeed constant, equal to (4.9 Ϯ 1.8) ϫ 10 Ϫ4 /s for [Pb 2ϩ ] from 5 ϫ 10 Ϫ9 to 5 ϫ 10 Ϫ6 M. In contrast, for Zn, neither the FIAM nor the BLM were able to predict metal internalization fluxes. The J int increased by approximately two orders of magnitude for a four order of magnitude increase of [Zn 2ϩ ] (slope of 0.7 in Fig. 3a) . Furthermore, k int (J int /{Zn-R cell }) was variable for different con- (Fig. 3b) , increasing fivefold for [Zn 2ϩ ] ranging from 2 ϫ 10 Ϫ9 to 5 ϫ 10 Ϫ6 M. A slope of 1 in Figure 3a would have supported the assumption that the interaction of Zn occurred via a single homogeneous site. A reasonable interpretation of the lower slope could be due to the chemical heterogeneity of binding sites, similar to results commonly obtained for natural organic matter [31] . Because Zn bioaccumulation is mediated by several possible uptake pathways with different affinities involving both active and passive transport [9, 14, 15] [33] . Indeed, the occurrence of specialized and multiple transport routes in concert with a well-developed Zn regulatory system are likely the main reasons for the failure of the BLM and FIAM to predict Zn uptake fluxes even under these simple, well-controlled conditions. Such a situation would be more likely for the essential metals, including Zn, than for purely toxic metals (e.g., Pb) because of the capacity of the organism to regulate cellular concentrations [6, 7] . Although more complex adsorption models are available to account for surface heterogeneity, polyelectrolytic effects, and multiple sites, none of these purely mathematical treatments can easily account for an internal Zn homeostasis [7, 14] .
Although the concentrations of M-R cell (Fig. 3b ) more closely resemble the biotic ligand of the BLM, a much more involved procedure is required for their determination [26] as compared to total adsorbed [19, 34] or total cellular metal concentrations. Indeed, in many studies that apply the BLM, the biotic ligand concentration is estimated from the sum of the extracellular and intracellular binding sites [24] or by considering an entire organ such as the fish gill (i.e., total body burden or total adsorption). Concentrations of metal adsorbed to the sensitive sites on the organism are necessarily smaller than total adsorbed concentrations ({M-A cell }). Nonetheless, because of the frequency and facility of the determination of {M-A cell }, the relationship between J int and total adsorbed metal also was verified here. As seen for previous parameters ( Fig.  3a and b) , the ratio J int /{Pb-A cell } was constant across the Pb concentrations in the bulk solution (Fig. 3c) , with a proportionality constant that was significantly smaller than k int , that is, (2.9 Ϯ 1.1) ϫ 10 Ϫ5 /s and without any real physical meaning. In addition, for both Pb and Zn, the values of the conditional stability constants for the nonspecific adsorption ( ) were K M-Acell significantly smaller (ϳ50ϫ) than the values obtained for adsorption to metal transporters. These observations are not surprising given the much larger number of weakly adsorbing sites (cell wall components, membrane phospholipids, and others) as compared to transport sites. As above, for Zn, the ratio J int /{Zn-A cell } was variable, increasing 20-fold for [Zn 2ϩ ] ranging from 2 ϫ 10 Ϫ9 to 5 ϫ 10 Ϫ6 M.
Applicability of the BLM and FIAM in the presence of competitors
The BLM offers the practical possibility of taking directly into account the antagonistic competition of chemicals (e.g., H ϩ and other cations) with the biotic ligand. Both the FIAM and the BLM predict that the competitor will either decrease or have no effect on cellular metal concentrations. fourfold in the presence of a 1,000-fold excess of Ca (Fig. 4b,  solid symbols) , showing a weaker competitive effect of Ca on Zn, as compared to Pb biouptake. Similarly, a very small decrease in normalized {Zn-R cell }, from 1.0 to 0.3 ϫ 10 Ϫ3 cm (Fig. 4b, open symbols) , was observed in the presence of 10 Ϫ3 M Ca.
Theoretical predictions and experimentally determined values of J int and {M-R cell } in the presence of competitors were normalized to data in their absence. Figure 4 provides three fits of the competition Equations 4 and 5 with experimental data obtained for the internalization fluxes and metal-bound carrier concentrations in presence of Ca (Pb and Zn) and Cd (Zn). For a given stability constant, theoretical curves for the normalized flux and carrier-bound metal should be superimposed. A reasonably quantitative prediction of the magnitude of the Ca effect on the experimentally determined Pb uptake fluxes (Fig. 4a, short dashed line) was obtained for ϭ K Ca-Rcell 10 4.2 M Ϫ1 ), a value similar to that reported by Slaveykova and Wilkinson [24] . In contrast for Zn, J int was successfully modeled only for [Ca] Ͻ 10 Ϫ4 M (Fig. 4b, short dashed lines) . A reasonable fit of modeled and experimental data for the carrierbound Pb and Zn (Eqn. 5,
) was only possible at low [Ca 2ϩ ] (Ͻ 10 Ϫ4 M) when using ϭ 10 3.6 M Ϫ1 (Fig. 4a and b, long dashed lines) . K Ca-Rcell The more pronounced difference between the experimentally determined and calculated values of {M-R cell } at higher [Ca 2ϩ ] was postulated to be due to changes in the membrane surface charge in the presence of the higher concentrations of Ca. Indeed, EPM measurements confirmed that an increase in [Ca 2ϩ ] from 10 Ϫ5 M to 10 Ϫ3 M resulted in lower values of negative EPM (Fig. 5a ) at both pH 6.0 and 7.0. Given that the experiments were performed at constant ionic strength and pH, it can be assumed that the EPM was directly related to the cell surface potential and thus the surface charge. For example, at pH ϭ 6.0, it is possible to estimate an algal surface potential of Ϫ41.5 mV in the absence of Ca and Ϫ33.3 mV in the presence of 10 Ϫ3 M Ca (Eqn. 6). In the presence of a constant concentration of metal in the bulk solution, a smaller surface potential would result in a decreased concentration of Pb and Zn at the cell surface. In this manner, the ratio between surface and bulk Pb can be shown to decrease by a factor of approximately two in the presence of 10 Ϫ3 M Ca. When surface potentials were used to correct for Ca effects by using the Boltzmann equation (Eqn. 6), relatively good agreement between experimentally measured and theoretically predicted {Pb-R cell } was obtained at high [Ca 2ϩ ] (Fig. 5b) . On the other hand, prediction of the role of Ca on {Zn-R cell } was only successful when [Ca 2ϩ ] was higher than 5 ϫ 10 Ϫ4 M (Fig. 5c ). These results suggested that Ca was not only directly reducing binding through competition for the sensitive sites but also might have had an indirect effect on ion transport.
Indeed, in the absence of Ca in the experimental solutions, cells that were preincubated in a growth medium containing 1 ϫ 10 Ϫ4 M Ca 2ϩ had a higher permeability to Pb (3.3 ϫ 10
Ϫ6
cm/s) than cells cultivated in 8 ϫ 10 Ϫ4 M Ca 2ϩ (1.7 ϫ 10 Ϫ6 cm/s). The observed difference in permeability suggested that either Ca dissociation kinetics were extremely slow or that Ca 2ϩ modified the membrane surface through a possible modulated expression of the common transport pathway for Pb and Ca [24] . Unlike Ca, Cd had no observable competitive effect on Pb internalization fluxes for a 10-fold excess of competitor. On the other hand, for a relatively small 10-fold excess in [Cd] , Zn uptake fluxes decreased by a factor four, whereas carrierbound and total adsorbed Zn decreased by factors of two and three, respectively. For a 200-fold excess of Cd, the normalized uptake fluxes decreased by 320-fold, whereas the normalized {Zn-R cell } only decreased by a factor of five (Fig. 4c) . Cadmium is known to be a competitor for both Zn uptake and enzymatic site binding [35] [36] [37] because of its similar charge, coordination, and ligand preferences. Therefore, Cd has a stronger competitive effect for Zn than does Ca, with a resulting higher value of ϭ 10 5.6 M Ϫ1 required to predict K Cd-Rcell the measured uptake fluxes (Fig. 5c , solid points and solid line). Nonetheless, as observed for the competitive effect of Ca above, {Zn-R cell } could not be modeled at high [Cd 2ϩ ]. Below 10 Ϫ5 M Cd 2ϩ , a value of ϭ 10 5.2 M Ϫ1 was required K Cd-Rcell to quantitatively predict {Zn-R cell } (Fig. 4c, short and long  dashed lines) .
In large part, the inability to model Zn competition by Cd and Ca can be explained by the active nature of Zn uptake (as opposed to the purely passive nature of Zn adsorption to the carriers). In this case, values of k int were not constant in the range of concentrations of the competitors that were studied. As discussed previously, Zn homeostasis is important in that the organism can rapidly modify its uptake fluxes in response to the external environment [9] . Furthermore, Cd is known to bind to specific enzymatic sites meant for Zn [36] , partially altering their biochemical activity leading to a partial inhibition of specific Zn transporters and an important reduction of Zn internalization fluxes.
As mentioned above, a key assumption of the BLM is that the metal bound to a sensitive site, in this case {Zn-R cell }, is directly related to the observed biological effect, that is estimated here by the value of J int (Eqn. 2). In the presence of competitor, the direct first-order relationship between J int and {M-R cell } was not observed. Furthermore, it was not possible to fit measured values of {M-R cell } and J int by using the same set of stability constants. Although the observed differences might be partially due to discrepancies in the analytical determination of {M-R cell }, the lack of model agreement, even when employing precise values of J int , strongly suggested a fundamental flaw with one or more of the model assumptions.
Neither steady-state model could predict the effect of Cu on the uptake process. Contrary, to model expectations, Pb and Zn internalization fluxes were strongly increased by the presence of Cu (Fig. 6 ). In fact, the addition of Cu to the experimental medium increased metal uptake fluxes even when present at concentrations that were 100 times lower than the studied metal (Pb or Zn). In this case, Cu additions did not significantly affect {M-R cell } (variations Ͻ20%). A similar synergistic role of Cu has been observed for the bioaccumulation of Zn, Pb, and other metals for several different aquatic organisms [24, 38] . It is possible to speculate that the Cu affected the physiology of the organism, although no metabolic influence of Cu, evaluated by a 10-min incubation with NaH 14 CO 3 , was seen here (data not shown). On the other hand, a twofold decrease in 14 C D-sorbitol accumulation (10-min contact time), indicative of a decrease in overall (lipidic) membrane permeability, was observed after exposure to 10 Ϫ6 M Cu 2ϩ . The major toxicological effects of Cu are known to include a disruption of membrane integrity that is associated with an increased cation membrane permeability and H ϩ -adenosine triphosphatase activity [39, 40] .
Temperature effects on Pb and Zn bioaccumulation
Although both the entropy and enthalpy of reaction may vary with temperature for metal-protein interactions [41] , binding to membrane receptors is generally considered an exothermic process that is driven primarily by positive entropy changes [42] . In such a case, for a decrease in temperature, small changes would be expected for equilibrium binding data whereas large reductions of the internalization fluxes might occur. The validity of the steady-state approaches was therefore tested by verifying if membrane permeability (J int /[M Zϩ ]; FIAM), and the internalization rate constant (J int /{M-R cell }; BLM), remained constant across an environmentally relevant temperature range. For both Zn and Pb, internalization fluxes increased significantly for a temperature increase from 3 to 20ЊC (Table 2) . Temperature effects were more important for Pb (fivefold increase in J int ) than for Zn (twofold increase), probably reflecting that metabolic activity was less implicated in Pb transport than for the strongly regulated Zn transport. A decrease in temperature also decreased the concentration of carrier-bound metal ({M-R cell }). For Pb, the decrease in J int greatly outweighed the decrease in {Pb-R cell }, resulting in an overall decrease in k int from 7.0 ϫ 10 Ϫ4 to 3.6 ϫ 10 Ϫ4 /s. For Zn, both J int and {Zn-R cell } decreased in parallel in a manner to maintain k int constant at (1.7 Ϯ 0.3) ϫ 10 Ϫ3 /s. In that case, BLM predictions with {Zn-R cell } would be more reflective of metal internalization fluxes than those made on the basis of [Zn 2ϩ ] (FIAM).
Other effects
In the preceding discussion, we have examined the role of competing ions and temperature on Zn and Pb internalization fluxes. Neither effect could be predicted quantitatively on the basis of either the FIAM or the BLM. Other exceptions to the FIAM and BLM have been thoroughly discussed by Campbell [5] and Campbell et al. [10] , and others [23, 24] . These include the role of small metabolizable, anionic ligands on the uptake process [43] , the uptake of lipophilic complexes [44] , the presence of multiple uptake routes [7, 9, 14, 16] , the influence of humic substances [45, 46] , and the role of the hydrodynamic regime [47] . Despite the numerous exceptions, it is not the goal of this paper to suggest that the BLM or the FIAM are not useful constructs that can enable a better understanding of the trace metal uptake process and lead to better, more quantitative predictions in the field. Nonetheless, the above considerations and data suggest that the BLM and FIAM may be most useful for predicting the uptake of nonessential metals under reasonably controlled conditions only. The inability of these models to explain the variation of Pb and Zn uptake with temperature or the competition with Cu are serious drawbacks that are sure to limit their application to field conditions. Indeed, the ubiquitous nature of Cu and natural organic matter and the lack of a controlled temperature in the field implies that trace metal uptake fluxes will be highly variable in natural waters and most often independent of [M zϩ ]. In any case, further research will be required to fully incorporate these effects into these the FIAM, BLM, or other similar models before any quantitative regulatory monitoring of trace metal speciation should be seriously considered.
CONCLUSION
To verify the applicability of the FIAM and BLM, experimentally determined uptake fluxes were related to free metal ion concentrations and metals bound to transport sites. It was shown that, in the absence of competitors, both the FIAM and the BLM can be applied to describe Pb biouptake by C. kesslerii, whereas the models failed to explain the experimental data obtained for Zn. Although Zn internalization fluxes could not be predicted in the presence of Ca, Pb internalization fluxes were reasonably well modeled in the presence of Ca and Zn in the presence of Cd. On the other hand, to model the metal bound to the sensitive sites ({M-R cell }) in the presence of high concentrations of divalent cations, it was necessary to take into account modifications in the algal surface charge, membrane permeability, the nature of transport system, and physiological effects, parameters generally not taken into account in the simplified models. Neither the FIAM nor BLM were able to describe the observed synergistic effects of Cu on Zn and Pb uptake fluxes. Finally, temperature was demonstrated to reduce Pb uptake fluxes to a greater extent than it reduced binding to transport sites.
